Abstract Meltwater from the Greenland Ice Sheet often drains subglacially into fjords, driving upwelling plumes at glacier termini. Ocean models and observations of submarine termini suggest that plumes enhance melt and undercutting, leading to calving and potential glacier destabilization. Here we systematically evaluate how simulated plume structure and submarine melt during summer months depends on realistic ranges of subglacial discharge, glacier depth, and ocean stratification from 12 Greenland fjords. Our results show that grounding line depth is a strong control on plume-induced submarine melt: deep glaciers produce warm, salty subsurface plumes that undercut termini, and shallow glaciers produce cold, fresh surface-trapped plumes that can overcut termini. Due to sustained upwelling velocities, plumes in cold, shallow fjords can induce equivalent depth-averaged melt rates compared to warm, deep fjords. These results detail a direct ocean-ice feedback that can affect the Greenland Ice Sheet.
Introduction
Mass loss from the Greenland Ice Sheet quadrupled from 1992 to 2011 [Shepherd et al., 2012] . The acceleration, retreat, and thinning of outlet glaciers [van den Broeke et al., 2009; Enderlin et al., 2014] coincided with a warming of Atlantic waters , leading to the hypothesis that marine-terminating glaciers are sensitive to ocean forcing [Vieli and Nick, 2011] . On the Greenland shelf, warm, salty Atlantic water is typically found at depth, overlaid by cold, fresh Polar water and a seasonal layer of warm surface water . Warming of subsurface Atlantic waters in Greenland fjords can lead to increased submarine melting [Holland et al., 2008; Motyka et al., 2011] , which has been implicated as a mechanism for promoting calving [O'Leary and Christoffersen, 2013; Luckman et al., 2015] and accelerating glacier flow [Nick et al., 2009] .
Submarine melting is determined by the net ocean heat flux to the ocean-ice boundary layer through processes that are highly dependent on fjord circulation [Straneo et al., 2010 [Straneo et al., , 2011 . Previous work shows that there is large regional and temporal variability in fjord circulation. For example, southeast Greenland fjords are forced by subglacial plumes during summer [Straneo et al., 2011] and dominated by shelf-forced flows during winter [Jackson et al., 2014; Jackson and Straneo, 2016] . Subglacial plumes are a primary feature of west Greenland fjords during summer [Mortensen et al., 2013; Chauché et al., 2014; Bartholomaus et al., 2016] and may be relatively more important year-round compared to southeast Greenland due to the lack of strong shelf-forced flows. Given uncertainty in the relative importance of shelf-forced circulation across Greenland, it is first necessary to characterize subglacial plumes-the most commonly observed feature thought to be dominantly responsible for terminus melt and fjord circulation during the meltwater season [Straneo and Cenedese, 2015] .
Previous theoretical results [Jenkins, 2011; Slater et al., 2016] and numerical ocean models [Xu et al., 2012 [Xu et al., , 2013 Sciascia et al., 2013; Cowton et al., 2015; Slater et al., 2015; Carroll et al., 2015] have provided key insight into plume dynamics at glacier termini. However, no systematic set of sensitivity experiments has been conducted to show how subglacial plumes and submarine melt rates in Greenland fjords vary over the broad range of observed oceanographic stratification profiles, with all of the environmental complexities that this entails.
Here we use a buoyant plume model paired with shipboard hydrographic observations to characterize subglacial plumes and submarine melt in 12 major Greenland fjords ( Figure 1 and Table 1 ). We show that systematic differences in modeled plume circulation at mean summer discharge levels are due to variability in grounding line depth and fjord hydrography, demonstrating that the coupled fjord-glacier system is responsible for modulating the mixing of ice sheet runoff with seawater. While our analysis is limited to fjords with available hydrographic and bathymetric data, our study encompasses Figure 1 . Greenland outlet glaciers examined in this study and their respective probability-based catchments. The colors show the probability that a region of the ice sheet contributes meltwater to the outlet glacier; the grey boundaries represent the 95% probability level catchments used to estimate subglacial discharge. (Tables 1 and S1 in the supporting information) . We generate daily estimates of subglacial discharge for each glacier by pairing a probability-based algorithm for delineating ice sheet catchments with a high-resolution model of surface runoff [Noël et al., 2015] . Finally, we utilize repeated hydrographic surveys to show that our results are robust to synoptic and interannual variability in fjord stratification.
Materials and Methods

Subglacial Plume Model
We use a steady state plume model to characterize subglacial plumes rising along a melting, vertical terminus. The governing equations are based on a stream tube model [Smith, 1975; Killworth, 1977; MacAyeal, 1985; Jenkins, 2011] , modified for a half-conical plume forced by a discrete source of subglacial discharge [Cowton et al., 2015, equations (1)- (4)]. The entrainment rate of ocean water into the plume (u e ) is parameterized as
where α is equal to 0.1 [Morton et al., 1956] and w is the vertical velocity of the plume. All plume properties have a uniform top-hat profile along the cross section of the plume. We define the terminal level as the depth where the plume reaches neutral buoyancy and intrudes horizontally into the fjord, consistent with results from high-resolution ocean models Carroll et al., 2015] . Following Cowton et al. [2015] , the initial velocity of the plume (w 0 ) is fixed to 1 m s À1 and the initial plume radius (r 0 ) is given by
where Q sg is the initial subglacial discharge flux. The initial plume temperature and salinity are set to the pressure-dependent melting point and 0, respectively. As the plume rises along the terminus, its volume increases due to entrainment of fjord waters and submarine melt. We calculate the plume dilution (D plume ), the ratio of vertical flux across a semicircular plume cross section of radius r compared to the initial subglacial discharge, as
where z is the depth and w is the vertical velocity of the plume.
Submarine Melt Rate
To estimate the submarine melt of ice from the subglacial plume, we solve a three-equation model [Holland and Jenkins, 1999] describing conservation of heat and salt at the ocean-ice boundary, combined with a liquidus constraint at the interface:
where _ m is the melt rate, L is the latent heat of fusion, c i and c p are the specific heat capacities of ice and water, T b and T ice are the ocean-ice boundary and ice temperature, S b and S plume are the ocean-ice boundary and plume salinity, C d 1/2 Γ T and C d 1/2 Γ S are the thermal and haline Stanton numbers, λ 1-3 are the constants that describe the dependence of freezing point on salinity and pressure, and z is the depth. All parameters follow values given in Jenkins [2011] . We note that the plume model does not capture the potential inertial rebound of the plume to the level of neutral buoyancy [Morton et al., 1956; Carroll et al., 2015] ; this flow may contribute to additional melt above the terminal level.
Fjord Hydrography
We use a compilation of shipboard surveys across Greenland fjords to provide temperature and salinity boundary conditions for the subglacial plume model (Tables 1 and S1 ). All profiles are depth averaged into 
where gl is the grounding line depth, ρ 0 is a reference density, and T is the ocean temperature.
Subglacial Discharge
To estimate subglacial discharge we integrate daily surface runoff from the Regional Atmospheric Climate Model version 2.3 downscaled to 1 km using elevation dependence (version 0.2) over each outlet glacier catchment [Noël et al., 2015] . We assume that all surface runoff drains immediately to the glacier bed, with no water storage. To create probability-based catchments, we apply a Monte Carlo-based approach to calculate each outlet's catchment over a range of bed topographic maps varied within published error ranges. We randomly vary the bed topography [Morlighem et al., 2015] by multiplying the published error range by a random, uniformly distributed number between À1 and 1 and add it to the published bed topography. For each iteration of the bed topography, we then calculate the hydraulic potentiometric surface, φ, using basal topography, z bed , and ice surface topography data, z ice [Morlighem et al., 2014] . Following the standard procedure of Lewis and Smith [2009] and Cuffey and Paterson [2010] , we calculate φ as
where ρ ice is the density of ice, ρ w is the density of freshwater, and g is the acceleration due to gravity. Next we determine the flow path of water along this hydraulic potentiometric surface using a simple D8 approach implemented in the TauDEM C++ software package [Tarboton, 1997] . The D8 method assigns flow from each pixel to one of its eight neighbors (adjacent or diagonal) in the direction of steepest downslope [O'Callaghan and Mark, 1984] . We then use Environmental Systems Research Institute's ArcPy Basin function to delineate catchments from the D8 direction grid. This algorithm starts at a given outlet location and recursively searches upstream from the outlet for cells that contributed to it. We flag all cells found by this recursive search as within the hydrologic catchment. After all iterations of catchment boundaries are found, we sum the number of times the pixel was in the catchment, x, and divide it by the number of times the bed was varied, n.
This provides the per outlet probability that a part of the ice sheet contributes runoff to it. We use the 95% probability area as the catchment boundary for all outlet glacier systems in this study.
Results
We first examine the sensitivity of all systems to variability in subglacial discharge and fjord hydrography (Figure 2 ). Shallow systems (defined as grounding line depth ≤500 m) produce plumes with terminal levels (depth where plume intrudes horizontally into the fjord) that are confined to the upper 100 m during mean summer discharge levels, becoming surface trapped at peak discharge (Figure 2a) . In deeper systems (>500 m), plumes are unable to penetrate into the buoyant surface water layer, resulting in deep, subsurface plumes (100-250 m depth). Regional variability in ocean heat content at depth drives marked differences in plume melt rate. For example, mean plume melt rate is 93% larger in Helheim (HG) than Kangerdlugssuaq (KG) despite similar grounding line depths (Figure 2b ).
For adjacent fjords exposed to similar hydrographic properties, such as Kangerdlugssup Sermerssua (KS) and Rink Isbrae (RI), increasing the grounding line depth (250 versus 850 m) results in a deepening of the mean plume terminal level from 25 to 223 m, respectively, and a 45% increase in mean plume melt rate. Increasing subglacial discharge in shallow systems (grounding line depth ≤500) generally produces plumes with progressively larger negative temperature and salinity anomalies; i.e., plumes become colder and
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fresher as discharge increases (Figures 2c and 2d and S1 in the supporting information). Increasing subglacial discharge in deeper systems results in plumes with positive temperature and salinity anomalies that equilibrate within the Polar water layer.
For fixed subglacial discharge, plume melt rate depends on ocean heat content and grounding line depth, with grounding line depth providing a first-order control on how efficiently the plume can transfer ocean heat to the ice to allow for melting ( Figure 3a) . All systems collapse into characteristic lines based on their grounding line depth; synoptic and interannual variability in ocean heat content determine the plume melt rate along each line. The depth-dependent grouping of the systems is robust for a range of selected subglacial discharges (50-500 m 3 s
À1
); larger discharges result in steeper slopes due to increased plume melt rate (Table S3) . Shallow systems (G1 and G2) have steeper slopes (larger depth-averaged melt rate change per ocean heat content) because surface-reaching plumes retain large velocities along the entire terminus ( Figure S2 ). For equivalent ocean heat content, deeper systems (G3 and G4) have shallower slopes due to dilution of the plume at depth by entrainment, resulting in weaker depth-averaged plume velocities. 
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Increasing the grounding line depth from 100 to 850 m (UP4 versus RI) results in a 30% decrease in depthaveraged plume vertical velocity. Additionally, shallow and deep systems (such as Kangiata Nunata Sermia and KG, respectively) can have equivalent depth-averaged plume melt rates due to the dependence of submarine melt on both vertical velocity and temperature.
Grounding line depth strongly modulates the vertical distribution of submarine melt (Figures 3b-3d and S3) . In deep systems (500-850 m grounding line depth), the subglacial plume is rapidly decelerated by entrainment of warm Atlantic water at depth, increasing the plume temperature and leading to maximum melt rates in the lower water column, suggestive of glacial undercutting (Figure 3b) . Directly above the grounding line, the plume consists of relatively undiluted, cold subglacial discharge-resulting in a region of low melt and indicative of a protruding ice "toe." As the grounding line depth is decreased (230-350 m), plumes entrain a larger percentage of cold Polar water, resulting in semiuniform melt profiles with maxima higher in the water column (Figure 3c ). Systems with shallow grounding lines (100-250 m) and warm surface water temperatures result in overcut melt profiles with maxima in the upper half of the water column (Figure 3d) . 
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For low subglacial discharge (≤50 m 3 s
À1
), shallow systems relax toward undercut melt profiles (as shown in Figure 3b ), as weakly buoyant plumes reach their terminal level at greater depth.
Discussion
Our results emphasize the important connection between the terrestrial ice sheet runoff signal and plumeinduced circulation. Given basic observations, our results provide first-order rules of thumb for estimating the impact of plume melting on a glacier terminus. As new bathymetric and hydrographic observations become available, we anticipate that this study will aid in predictions of plume properties across Greenland fjords. Based on a realistic range of subglacial discharge, grounding line depth, and ocean heat content, we have several critical findings: (i) grounding line depth and large-scale regional changes in ocean heat content exert a strong control on subglacial plumes; (ii) cold, fast plumes in shallow systems and warm, slow plumes in deep systems can induce equivalent localized depth-averaged melt rates; and (iii) deeply grounded glaciers result in undercut termini, and shallow glaciers support semiuniform or overcut termini.
These two glacier geometries (deep versus shallow) produce marked differences in fjord temperature and salinity at the plume terminal level, present across a variety of subglacial discharge rates and conduit configurations ( Figure S4 ). Our results exhibit similar qualitative trends to the scalings obtained by Slater et al. [2016] ; however, future work is needed to determine if these scalings hold quantitatively for the realistic stratification observed in Greenland fjords. This study, consistent with observations and idealized ocean models [Straneo et al., 2011; Xu et al., 2012 Xu et al., , 2013 Sciascia et al., 2013; Carroll et al., 2015] , demonstrates that deep fjords act as subsurface pathways for mixing and export of ice sheet runoff. These results call into question surface-injected parameterizations of runoff in current climate models, where the vertical ocean grid resolution is sufficiently fine to incorporate subsurface runoff fluxes [Lenaerts et al., 2015] . Additionally, the increase of plume dilution with grounding line depth suggests that deep systems drive more vigorous depth-integrated exchange within the fjord, implying faster replenishment of fjord waters ( Figure S5 ).
Our results suggest that regions near subglacial conduits can support a variety of terminus geometries, potentially leading to a complex calving front evolution during the meltwater season. Recent observations of the KS terminus add support to this hypothesis, showing a diverse spatial distribution of undercut and overcut regions [Fried et al., 2015] . We acknowledge that our model does not couple the ice front profile and plume, which may neglect important plume-ice feedbacks. In regions where the terminus becomes overcut or near a protruding ice toe, the plume may detach-decreasing melt rates and the level of overcutting until the plume regains contact with the ice. The plume model results in localized melt rates on the order of meters per day, in general agreement with direct observations [Fried et al., 2015] and bulk estimates based on conservation of heat, salt, and mass [Rignot et al., 2010; Sutherland and Straneo, 2012; Xu et al., 2013] . However, our estimated melt rates are limited to a localized area (~100 m wide) on either side of the plume. Spatially averaging melt across the terminus from a single plume results in melt rates biased~2 orders of magnitude low compared to observations (2.0 m d À1 observed for KS; Text S1 and Figure S6 in the supporting information) [Fried et al., 2015] . These results imply that while a single plume may induce significant localized submarine melt, a distributed subglacial drainage system may be needed to influence calving and produce terminus retreat driven by undercutting Rignot et al., 2016b] . We stress that our parameterized melt rates are sensitive to the choice of turbulent transfer coefficients, developed for sloping ice shelves [Holland and Jenkins, 1999; Jenkins et al., 2010 ] and yet to be validated for Greenland's near vertical termini Fried et al., 2015] . Ultimately, coincident ocean and terminus ablation measurements are needed to constrain turbulent transfer coefficients and determine if submarine melt can exceed typical calving rates observed at large marine-terminating glaciers in Greenland.
To guide future observational programs, we find that plume melt rate is generally insensitive to the distance hydrographic measurements are made from the glacier (largest relative change from near glacier to mouth was 16% for HG), as long as observations are made near the fjord where variability in ambient temperature is small and not on the shelf ( Figure S7 ). However, plume terminal level is more sensitive to measurement location, deepening by 31% in RI when using profiles from the mouth compared to near glacier, due to stronger stratification downfjord. For fjords with shallow sills, we would expect large variability in stratification landward and seaward of the sill, suggesting that near-glacier measurements may be necessary in systems with isolated basins.
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We note that our results only apply to subglacial plume dynamics at the terminus. We have neglected potentially important external forcing such as wind, tides, and shelf-forced circulation [Straneo et al., 2010; Mortensen et al., 2013; Jackson et al., 2014] . While we anticipate the interaction of plume-and externallyforced circulation to drive variability in fjord stratification and heat content, the exchange of heat and salt at the ocean-ice boundary will be largely dominated by subglacial plumes during the meltwater season because these are what drive the deep, net flows toward the glacier.
Conclusion
We have produced the first systematic characterization of subglacial plumes in Greenland outlet glacier fjords with grounding line depths that range from 100 to 850 m. We propose that subglacial plumes can drive substantial localized terminus melt, representing an important ocean-ice feedback that strongly depends on glacier geometry and can affect the ice sheet mass balance. This work stresses the need for realistic termini morphology in high-resolution ocean models and subsurface parameterizations of ice sheet runoff in large-scale climate models. Ultimately, a detailed understanding of plume-glacier interactions allows for improved constraints on sea level rise from the Greenland Ice Sheet.
